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SYNOPSIS: The effects of stress state and stress ratio on the maximum shear modulus, obtained 
from in-situ downhole and crosshole shear wave velocity tests were evaluated in the model 
tests. The hydraulic gradient similitude method was used to increase and control the model 
stress level. The downhole and cross hole shear waves were generated and received along the 
principal stress axes using piezoceramic bender elements. It was found that (1) the shear wave 
velocity is dependent upon the individual principal stresses in the directions of wave 
propagation and particle motion, and (2) only the stress ratio defined in the plane of wave 
propagation has some effects on the shear wave velocity. 
INTRODUCTION 
The shear modulus of soils at small strain, 
often called Gmax• is one of the important 
parameters to be determined in the design of 
foundations under dynamic loading, the 
evaluation of soil liquefaction potential and 
the evaluation of soil improvement. In the 
field, Gmax• is often derived from the 
measurement of shear wave velocity, Vs, 
using: 
(1) 
where p is the bulk density of soil mass. 
The downhole and crosshole seismic tests 
including seismic CPT (cone penetration 
tests) are now commonly used to determine the 
in-situ shear wave velocity (Woods, 1978; 
Robertson et al., 1984). In order to 
properly interpret and utilize the results 
from downhole and crosshole seismic tests, a 
thorough knowledge of the effect of soil 
stress state and stress ratio on the shear 
modulus, Gmax• or the shear wave velocity is 
necessary. 
Previous studies of soil stress state and 
stress ratio effects on the shear modulus, 
Gmax• were mostly performed in the laboratory 
using the resonant column device, or recently 
using the true triaxial device where a 
cylindrical or cubical soil sample is subjec-
ted to shear wave measurements under a stress 
controlled boundary condition. However, in 
the practice, the downhole and crosshole 
seismic tests are normally performed under 
the condition that the soil element is in a 
"zero lateral strain" boundary condition, 
i.e. K0 stress condition. Thus, it is desir-
able to evaluate the soil stress state and 
stress ratio effect on the Gmax under such 
field stress condition. 
In this paper, the stress state and stress 
ratio effects on shear wave velocity are 
studied using a model test where downhole and 
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crosshole seismic tests on sand are performed 
under K0 loading and unloading stress path. 
The downhole and crosshole shear waves are 
generated and received by piezoceramic bender 
elements along the principal stress axes, 
while the in-situ stress conditions (K 0 
condition) are simulated by using the 
Hydraulic Gradient Similitude (HGS) method. 
PREVIOUS STUDIES OF STRESS STATE AND STRESS 
RATIO EFFECTS 
Most early results of stress state and stress 
ratio effects come from resonant column tests 
(Yu and Richart, 1984), torsional shear tests 
(Tatsuoka et al., 1979) and recently from 
large true triaxial tests (Stokoe et al., 
1985). Based on these studies, three basic 
types of empirical equations have been devel-
oped to describe the interrelation between 
the stress state and shear modulus, i.e.: (1). 
mean normal stress equation (Hardin, 1978), 
Gmax =A · F(e) · Pa · (2) 
indicating shear modulus is a function of the 
mean normal stress, om; ( 2) average stress 
equation (Yu and Richart, 1984), 
Gmax =A · F(e) · Pa ( 3) 
indicating shear modulus is a function of the 
average stress, oav• within the plane of wave 
travel; and (3) individual stress equation 
(Roesler, 1979; Stokoe et al., 1985), 
A . F(e) . Pa (oa:op)m/2 
Pa 
(4) 
indicating shear modulus is a function of the 
individual stress .components within the plane 
of wave travel, where A is a factor related 
to paticle size and shape, F(e) is a function 
of void ratio, Pa is the atmospheric 
pressure, m is the stress exponent, om = 
o 1 +o,+o 3 /3 is the mean effective normal 
stress, oav = oa+op/2 is the average stress 
ithin the plane of wave travel, oa is th 
stress component in the wave propagation 
direction, and op is the stress component in 
the particle motion direction. 
In addition, Tatsuoka et al. (1979) and Yu 
and Richart (1984) found that stress ratio 
has some effects on the shear modulus, i.e. 
Gmax decreases with increasing stress ratio, 
o 1 /o 3 • 
In this paper, the stress state and the 
stress ratio effects on the downhole and 
crosshole tests are examined by performing 
shear wave velocity tests along K0 paths in 
which K0 ranges between 0.45 and 2.5. 
TESTING PROGRAM 
HGS Testing Method and Device 
The hydraulic gradient similitude (HGS) 
procedure involves the application of high 
body forces to soil and is similar to the 
centrifuge technique in increasing the soil 
stresses in the model. The only difference 
is that the body force in the HGS testing is 
effectively increased by the seepage force 
through the porous material rather than by 
the centripetal acceleration. 
For a model test subjected to a controlled 
downward hydraulic gradient, the body force 
on a unit volume of the model soil will be 
increased by seepage force by an amount ilw· 
this is equivalent to increasing the unit 
weight of the material by ilw and the effec-
tive unit weight, 1m• of the soil becomes: 
( 5) 
where i is the applied downward hydarulic 
gradient, lw is the unit weight of water if 
water is used in the test, and r' is the 
submerged unit weight of soil. 
As compared to the assumed prototype 
condition, the model unit weight has been 
increased by a factor of N, i.e., 
N (6) 
where N is defined as the hydraulic gradient 
scale factor. r is the effective unit 
weight of the soif in the prototype, which 
could either be total or submerged unit 
weight depending upon the ground water 
conditions in the prototype soil. 
This technique was first introduced by 
Zelikson (1969), and has been successfully 
used in some model tests of anchor, footing 
an pile problems (Zelikson, 1978; Yan and 
Byrne, 1989; Yan, 1990). 
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A testing device utilizing this testing prin-
ciple has been developed at the University of 
British Columbia (Yan, 1990). A schematic 




Nota: 1 ,2,3. pore watar pressure transducer #PWP1 ,#PWP2,#PWP3 
4. lateral soil stress transducer LATP Soil Container Dimension: 460x200x420mm 
Fig. 1. Schematic of UBC-HGST Device. 
The device consists of five major components: 
(1) soil container; (2) water supply and 
circulation system; ( 3) air pressure supply 
system; (4) downhole and crosshole seismic 
testing system; and (5) data acquisition 
system. To measure the horizontal stress in 
the soil deposit, a lateral pressure trans-
ducer (latp) is flush mounted on a side wall 
at the same height as the water pressure 
transducer pwp#2. The pressure difference 
between the transducer, latp, and pwp#2 is 
the effective soil stress at that point. The 
soil container is made of 19.05 mm thick 
welded alum. plates, thus a field condition 
of no lateral strain is simulated. A centri-
fuge pump is used to supply the water to the 
top of soil tank. The given hydraulic gradi-
ent is obtained by controlling air pressure 
in the air chamber at the sand surface and 
draining the water to a low pressure at the 
sand base. 
Simulation of Downhole and Crosshole Tests 
The downhole and crosshole shear waves were 
generated and received by using the piezo-
ceramic bender element. The bend element 
consists of a sandwich of two thin piezo-
ceramic plates rigidly bonded together, and 
is capable of converting mechanical energy to 
electrical energy and vice-versa in a canti-
lever deformation mode as shown in Fig. 2 
(Shirley and Hampton, 1978). As the bender 
element is a high impedance device, epoxy and 
silicon rubber coatings were used on the 
bender element and the wire connections to 
prevent the transducer from shorting elec-
trically due to the water intrusion. Bender 
elements have been incorporated into a 
variety of testing devices by a number of 
researches (Schultheiss, 1981; DeAlba et al., 
1984). Evaluation of bender element and 
comparison of Gmax so obtained with those 
from resonant column tests has been presented 
by Dyvik and Madshus (1985). 
wiNS propagation direction 




















Fig. 2. Cantilever Deformation Mode of 
Bender Element. 
For downhole tests, an array of bender 
elements rigidly mounted on small bearing 
plates was connected to a rod simulating the 
downhole condition, as shown in Fig. 1. The 
top bnder element was installed near the sand 
surface with its tip down, and used as a 
shear wave source during the tests, while the 
rest of the elements were installed within 
the soil specimen with their tips facing up 
toward the source element. For crosshole 
tests, two elements were assembld at the same 
elevation but on different rods with the 
source element at the DH rod and the receiver 
element at the CH rod as shown in Fig. 1. 
These two elements were aligned vertically to 
prevent blockage of water flow, thus they 
generated and received an SH wave within the 
horizontal plane, which is similar to the 
in-situ crosshole test using a torsional 
source (Hoar and Stokoe, 1978). 
The shear waves were monitored and recorded 
using a digital oscilloscope. A typical 
trace of shear wave from bender element is 
shown in Fig. 3, from which the arrival of 
the shea wave is clearly identified. The 
shear wave velocity was determined from the 
tip distance and the travel time between the 
elements. The shear wave velocity so 
obtained is assumed to represent the value at 












0.4 0.8 1.2 1.6 2 2.4 2.8 
Time after Triggering (ms) 
Typical Trace of Shear Wave Record 
from Bender Element. 
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The soil deposit was formed of uniform fine 
Ottawa sand using the "quick sand" sample 
preparation technique (Yan and Byrne, 1989), 
and the downhole and crosshole simulation 
rods were installed while the sand was in a 
slurry condition. Detailed information on 
the simulation of downhole and crosshole 
tests in HGS method is given by Yan and Byrne 
(1990). 
TEST RESULTS AND DISCUSSION 
Stress Level Effects 
The variation of shear moduli, Gmax• with 
stress levels in downhole and crosshole 
conditions can be examind by plotting the 
shear wave velocities measured at a given 
depth under the different hydraulic gradi-
ents. Figure 4 shows the shear wave velocity 
from both downhole and SH-crosshole tests in 
loose sand plotted against the hydraulic 
gradient scale factor, N. It can be seen 
from the figure that during the loading 
phase, the variation of shear wave veloctiy 
follows straight lines in the log-log plot 
with a slope of 0. 27. This indicates that 
the stress level effects on the shear wave 
velocity in the loading phase can be fitted 
by a power function. It should be noted that 
a slope of 0. 27 would correspond to an 
exponent of 0.54 for Gmax relationship. 
Thus, the slopes obtained, which represent 
the stress level effects, generally agree 
with the values determined by previous test-
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Fig. 4. Stress Level Effects on Downhole and 
SH-Crosshole Shear Wave Velocity. 
As shown in Fig. 4, the shear wave velocities 
in the unloading phase are higher than those 
during the loading phase. Furthermore, the 
variation of shear wve velocity in unloading 
is not linear with the scale factor, N, in 
the log-log plot. The variation in K0 upon 
unloading significantly affects the measured 
shear wave velocity. 
Figure 4 also gives a comparison of the down-
hole and SH-crosshole shear wave velocities 
measured at the same elevation. It is seen 
that during the loading phase, the variations 
of downhole and crosshole shear wave veloci-
ties parallel each other. The downhole tests 
give a higher shear wave velocity as compared 
with the SH-crosshole tests under the same 
hydraulic gradient. The difference shown is 
about 16%. This difference may be partly due 
to the difference in the stress state effect 
on the waves propagating in vertical and 
horizontal planes, and partly due to the 
inherent anisotropy effect associated with 
the sample. 
The stress state effects on the shear wave 
propagation can be more clearly identified by 
examining the downhole and SH-crosshole shear 
wave velocities during the unloading phase 
As shown in Fig. 4, the downhole shear wave 
velocity decreases at a faster rate with 
applied hyraulic gradient as compared to that 
in SH-crosshole test, although in both tests 
the mean normal stresses are the same. At 
the initial unloading stage, the downhole 
shear wave velocity is higher than the cross-
hole. As the hydraulic gradient reduces, the 
two curves approach each other, and cross 
over at about N = 4. At the end of unload-
ing, the crosshole test gives a higher shear 
wave velocity than does the downhole test. 
These observations support the concept that 
the shear wave velocity depends upon the 
stress components within the plane of wave 
travel rather than the mean normal stress 
level as suggested by the early studies 
(Hardin, 1978). 
Examination of the velocity ratios from the 
downhole and SH-crosshole tests during load-
ing and unloading reveals that the shear wave 
velocity is more directly related to the 
individual stress components in the wave pro-
pagation and the particle motion directions, 
i.e. the individual stress method suggested 
in Eq. (4) rather than the average stress 
method as in Eq. (3). 
By applying Eqs. (2), (3) and (4) to the 
downhole and crosshole tests, and assuming 
the downhole velocity measured represents the 
value at the mid-height point of the inter-
val, which is at the same depth as the cross-
hole test, and also assuming that the stress 
exponents in the downhole and crosshole velo-
city are the same, the shear wave velocity 
ratio between the downhole and SH-crosshole 
tests becomes: 
(1) Mean normal stress method, 
(2) Average stress method, 
(Vs)D =CD (1 + Ko)n 
(Vslc Cc 2K 0 
(3) Individual stress method, 
c 






where Cn/Cc represents the cross anisotropy 
of the soil sample, and is equal to the 
downhole and crosshole velocity ratio when 
soil elem~nt is in an isotropic stress state, 
i.e. K0 = l. 
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The variations of shear wave velocity ratio 
(Vsln/(Vslc with K0 during loading and 
unloading as derived from Eqs. (7), (8) and 
(9) are shown in Fig. 5. Based on a trial-
and-error method, it was found that Cn/Cc = 
1.08 and n = 0.24 gave the best fit to the 
test data. This indicates that the average 
structure anisotropic effect is in the range 
of 10% between the downhole and crosshole 
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Fig. 5. Shear Wave Velocity Ratio Between 
Downhole and SH-Crosshole. 
It can be seen from Fig. 5 that neither Eq. 
{7) nor Eq. (8) predict the trend of decreas-
ing velocity ratio with increasing K0 , 
whereas Eq. ( 8) predicts a trend opposite to 
that of the observation data. The trend of 
shear wave velocity ratio variation with K0 , 
can only be correctly predicted by Eq. (9), 
i.e. the individual stress method. This 
indicates that the interrelationship between 
the shear wave velocity and the stress state 
is better represented by the individual 
stress method. However, as will be discussed 
below, the existing equation based on the 
individual stress method may need to be 
modified to take account of stress ratio 
effects for the downhole tests. 
Stress Ratio Effects 
If the shear wave velocities from downhole 
and SH-crosshole tests are fully represented 
by the individual stress components as 
discussed before, the test data in loading 
and unloading paths will be similar when they 
are plot ted according to Eq. ( 4) . In Fig. 
6, the shear wave velocities shown in Fig. 4 
from SH-crosshole and downhole tests are 
replotted against the combined stresses, 
oa·op, in the plane of wave travel based on 
the indivudal stress method. As shown in 
Fig. 6 (a), the shear wave velocity data in 
loading and unloading paths from SH-crosshole 
tests basically merge together, as expected, 
with a single line. This indicates that for 
SH-crosshole tests the shear wave veloctiy 
paths during loading and unloading phases are 
the same, and are fully represented by the 
individual stress components alone. However, 
















~ Crossho!e Test - loading path 
~o-tl 11-41 Crosshole Test - unloading path 
(o). 
1 10 100 10~0 10000 
Combined Stress in Wove Travelling Plane - ~ • Oh (kPo•kPo) 
~ Downhole Test - loading path 
Go-ea-t:~ Downhole Test - unloading path 
(b). 
1 1 0 100 1000 10000 
Combined Stress in Wave Travelling Plane - O.,• 6" (kPo•kPo) 
Fig. 6. Shear Wave Velocity 




the shear wave velocity data in the unloading 
path does not collapse to the corresponding 
loading path as suggested by Eq. (4). 
Instead, they rise initially, and then curve 
back to the loading path. These different 
obserations between the downhole and SH-
crosshole shear wave velocity during loading 
and unloading paths can be explained by 
considering the effects of stress ratio in 
the plane of wave travel. 
In the SH-crosshole test, the wave travels in 
a horizontal plane. Both stress components 
in wave propagation and particle motion 
directions are horizontal stresses, i.e., 
oa oh 
op oh 
Therefore, the stress ratio, (o 1 /o 3 )h, 
defined in this horizontal plane (the wave 
travelling plane) remains constant during the 
loading and unloading cycle, and equals 
unity, i.e., 
1 ( 10) 
There is, therefore, no stress ratio effect 
on the shear wave velocity at any stage of 
loading and unloading cycle. Shear wave 
velocity is fully represented by Eq. (4) and 
depicted by a single line in Fig. 6(a). The 
observations in Fig. 6(a) are in good accord 
with this concept. 
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However, for the downhole tests, the shear 
wave travels in a vertical plane, and the 
significant stresses associated with wave 
propagation direction and particle motion 
direction are the vertical and horizontal 
stresses, respectively. In this case, the 
stress ratio, (0 1 /o 3 )v, defined in the 
vertical plane (the plane of wave travel) 
changes from a constant value during the 
loading phase to varying values while in the 
unloading phase. 
As shown in Fig. 7, during the loading phase, 
soil elements are in a normally consolidated 
state, the stress ratio in the vertical plane 
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Hydraulic Gradient- i 
Fig. 7. Variation of Stress Ratio, o 1 /o 3 , in 
the Vertical Plane of HGS Tests 
However, during the unloading phase, the 
stress ratio in the vertical plane first 
reduces from the value of (l/K 0 lN.C. to unity 
when hydaulic gradient reduces from the peak 
value of 70 to 20. In this stage, the K0 . 
value rises from 0.45 to unity, and the 
vertical effective stress is still the major 
principal stress, i.e. ov>oh. 
When the hydraulic gradient is further 
reduced to zero, the major principal stress 
direction suddenly rotates go•, the hori-
zontal effective stress becomes the major 
principal stress, i.e. oh>ov. In this stage, 
the stress ratio in the vertical plane rises 




with (K 0 lo.c. larger than unity. 
(12) 
From torsional vibration tests on cylindrical 
samples, Tatsuoka et al. (1979) and Yu and 
Richart (1984) found that an increase in 
stress ratio, 0 1 /0 3 , will reduce the measured 
shear modulus (or shear wave velocity) . By 
examining the stress condition in the 
resonant columnt test, it is shown from Fig. 








But from elastic solution: ere = erR, thus; 
er1 erA 
-=- - within the wave travelling plane 
Fig. 8. Stress Condition for Resonant Column 
Tests. 
the resonant column tests is within the plane 
of wave travel. 
Thus, for the downhole tests, the variation 
of stress ratio in the vertical plane (the 
plane of wave travel) during the unloading 
phase as described in Fig. 7 will result in 
the observed nonlinear loop in the downhole 
shear wave velocity shown in Fig. 6(b). 
This indicates that for downhole tests, the 
interrelationship between shear wave velocity 
and stress state cannot be satisfactorily 
represented by Eq. (4). Stress ratio effects 
need to be considered. 
The amount of stress ratio effects on the 
downhole shear wave velocity measurements may 
be evaluated by comparing the measurement 
data with those predicted by Eqs. (2), (3) and 
(4), which represent no stress ratio 
effects. The ratio of the measured and 
predicted shear wave velocity, (Vslm/(Vslp' 







< --- unloading phase 
2.2 1.4 
1=-1 
I = Hydraulic Gradient 
• Individual Stress 
+ Average Stress 
o Mean Normal Stress 
1.4 1.8 2.2 2.6 
Stress Ratio Effects on Shear Wave 
Velocity During K0 Unloading Phase. 
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It can be seen from the figure that the 
differences among Eqs. (2), (3) and (4) are 
not significant; they all show similar 
trends. The shear wave velocity reduces with 
the increase of stress ratio (or departure 
from an isotropic condition). However, the 
stress ratio appears to have more effects 
when the major principal stress is the 
horizontal stress, i.e. oh/ov > 1. This is 
in accord with the observation by Tatsuoka et 
al. (1979). The ratio of measured to 
pedicted shear wave velocity decreases by 
about 8% in the region where ov/oh > 1. 
In practice, the crosshole tests usually 
employ a vertical impulsive source (Auld, 
1977), which generate SV shear waves with 
particle motion in the vertical direction. 
The significant stress components with wave 
propagation and particle motion are the same 
as in the downhole test, as shown in Fig. 10. 
Downhole Shear Wave 
SV Croalhole Shear Wave 
SH Croaahole Shear Wave ~--J----,.L.,_.., 




Fig. 10. Stress Condition for In-situ 
Downhole and Cosshole Tests. 
In fact, this may explain why in the field 
the results from crosshole tests are often 
found to be similar to those from downhole 
tests (Robertson et al., 1984). Therefore, 
it is reasonable to expect that the stress 
ratio effect discussed above for the downhole 
test would also apply to the impulsive 
crosshole tests. However, as shown in Fig. 
9, for the normally consolidated or slightly 
overconsoliated soils, the effects are small, 
and may be easily masked by the test error. 
SUMMARY AND CONCLUSIONS 
Shear modulus, Gmax at small strain is an 
important parameter in soil dynamics prob-
lems. In this paper, the results of shear 
wave velocity measurement in small model 
tests subjected to field stress conditions 
were presented. 
Controlled K0 conditions including loading 
and unloading paths were simulated using the 
hydraulic gradient similitude method, and 
downhole and crosshole shear waves were 
generated and received by piezoceramic bender 
elements. The lateral stress or K0 value was 
measured directly by a total stress trans-
ducer and pore pressure transducer. The 
primary purpose of this study was to carry 
out in-situ downhole and SH-crosshole shear 
wave velocity tests in a controlled stress 
and soil state so that existing laboratory-
based empirical Gmax equations or concepts 
can be evaluated in terms of field stress 
condition. 
It was found that the variation of velocity 
ratio between downhole and SH-crosshole test 
with the stress level was only correctly 
predicted by using the equation based on the 
individual stress method. This indicates 
that the stress level effect on the shear 
modulus is best represented by consideration 
of the individual stresses in the wave propa-
gation and the particle motion directions. 
From examination of the downhole and cross-
hole shear wave velocity during the K0 
loading and unloading paths, it was found 
that for the crosshole tests where the wave 
propagation and particle vibration directions 
were all in the horizontal plane (SH cross-
hole), the shear wave velocities in loading 
and unloading paths fell on a straight line 
when plotted using the individual stress 
method, while for the downhole tests this was 
not the case. This difference was found to 
be due to the effects of stress ratio from 
the stresses in the plane of wave travel. 
When the shear wave velocities in the unload-
ing path were normalized with respect to that 
at a stress ratio of unity, it was found the 
stress ratio reduced the observed shear wave 
velocity, and this was in accord with the 
results from previous researchers. It was 
also found that the stress ratio effect was 
more significant when the horizontal stress 
became the major principal stress. 
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